Adherence to a substratum is a characteristic feature of monocyte-macrophages which may be required for several effector functions. Human peripheral blood monocytes selected by adherence were found to readhere preferentially at 1 h to fibronectin or to a biological matrix. There was then a progressive decrease in the number of adherent cells, and by 48 h only 8-20% of monocytes remained adherent. This loss of adherence occurred while monocytes remained viable by criteria such as exclusion of trypan blue or release of lactate dehydrogenase.
Introduction
The hormone 1,25-dihydroxyvitamin D3 (1,25-(OH)2D3)' primarily affects cells in intestine, bone, and kidney where it binds to specific cytosolic receptors (1) (2) . More (3) (4) (5) . Further evidence has been presented in support ofa possible role of 1 ,25-OH)2D3 in modulating functions of these mononuclear cells in inflammation and immune cell reactions (6) (7) (8) .
Our observations on the adherence ofthe human monocyterelated cell line, U937 (9) , prompted us to investigate possible effects of 1,25-(OH)2D3 on adherence and other functions of mature human monocytes isolated from peripheral blood. Adherence of cells to a substratum is a prerequisite for the growth, proliferation, and differentiation ofmany normal eukaryotic cells (10) (11) (12) . Although peripheral blood monocytes in culture adhere transiently to tissue culture plastic or glass surfaces alone, different components of biological matrices influence the adhesion, morphology, and function of these cells in vitro (13) (14) (15) .
We report here that cultured human monocytes, once adherent, do not remain attached to their substratum but remain viable, and that incubation with 1,25-(OH)2D3 maintains their adherence to tissue culture plastic as well as to a biological matrix. Modulation of the synthesis of proteins involved in cell adhesion or protection from nonspecific injury are among several possible mechanisms by which 1,25-(OH)2D3 could maintain monocyte adherence. We therefore analyzed the cellular proteins synthesized by these cells by two-dimensional gel electrophoresis (16, 17) and found an increase in the synthesis of several proteins in 1,25-(OH)2D3-treated monocytes. Moreover, inhibitors of protein synthesis abolished the effects of 1,254OH)2D3 on maintenance of monocyte adherence. Exposure of the cultured cells to elevated temperatures was found not only to decrease protein synthesis but also to increase detachment of these cells. The decrease in protein synthesis induced by these elevated temperatures was partially prevented by preincubation of monocytes with 1,25-(OH)2D3. It had been previously observed that cells exposed to thermal or other stresses decrease overall protein synthesis yet increase the synthesis of specific proteins (termed heat shock proteins) (18) (19) (20) 1.6 mg/ml and diluted with medium before addition to monocytes at time of plating. The ethanol concentration did not exceed 0.05% and appropriate controls were performed to exclude an effect of the ethanol on cell adherence. Human recombinant interferon gamma (-2 X 106 U/mg) was kindly provided by Genentech Inc., South San Francisco, CA. Cycloheximide (Aldrich Chemical Co. Inc., Milwaukee, WI) was used at 1 uig/ml after preliminary studies showed that toxic effects on the cells resulted from incubation with concentrations higher than 1 gg/ml. Cell viability. Cell viability was assessed using trypan blue exclusion by estimating the number of stained cells among 200 cells in two individual fields. In some experiments, lactate dehydrogenase release was measured (27) in the supernatants at the end of cell culture.
Synthesis ofheat shock proteins. Monocytes separated by adherence were plated at 3.5 X 106 cells/ml in 10 ml DME medium without L- view ofthe limited number ofcells obtainable from an individual donor, to test each of the substrates with the monocytes from each donor, which could account for the broad range of adherence observed. There was a significantly greater adherence to type I collagen compared with type III collagen (P < 0.05). Although the adherence to type I collagen was not different from that to tissue culture plastic, the adherence to type III collagen was significantly less (P < 0.05). The adherence to laminin was also significantly less than that to tissue culture plastic or LLC-PK, matrix (P < 0.01). Addition of 1,25-(OH)2D3 did not alter the extent of adherence measured at 60 min as illustrated by the results of the experiment described in Fig. 2 . Effects of1,25-(OH)2D3 and interferon gamma on monocyte adherence. When monocyte-enriched cells were maintained in culture after the initial adherence there was a progressive decrease in the number of adherent cells, from -40% at I h to -16% at 48 h as shown in the representative experiment in Fig. 1 . A similar decrease was observed in the adherence of monocytes to the LLC-PK1 extracellular matrix (Fig. 2) . When 1,25-(OH)2D3 was added to the cultures at the time of plating, however, the adherence of monocytes measured at 48 or 72 h was maintained (Fig. 2 ). This effect of 1,25-(OH)2D3 was significant at 48 h (P < 0.001), was observed through 72 h, and could be reproduced with cells plated on tissue culture plastic as well as on fibronectin, collagen, or the LLC-PKI extracellular matrix.
This action of 1,25-(OH)2D3 on maintaining monocyte adherence was concentration-dependent (Table II) . Although the concentrations at which 1,25-(OH)2D3 affected monocyte adherence varied from experiment to experiment, it should be emphasized that the same cells were not used in each experiment. Concentrations as low as 0.005 ng/ml (13 pM) were effective in some experiments, whether the monocytes were plated on tissue culture plastic (Table II) or on fibronectin (data not shown).
The maintenance of monocyte adherence by 1,25-(OH)2D3 was not associated with any detectable change in cell viability as assessed by exclusion of trypan blue (Table II) (29) . Cells were preincubated with interferon gamma, 100 U/ml, for 24 h, washed, and plated on tissue culture plastic for 48 h, with or without 1,25-(OH)2D3. As shown in Table III , preincubation with interferon gamma alone increased the percentage of monocytes which remained adherent at 48 h from 1O to 25% (P < 0.01). 1,25-(OH)2D3 further increased adherence of both control monocytes and monocytes preincubated with interferon gamma. In other experiments interferon gamma increased the adherence of monocytes not only to tissue culture plastic, but also to fibronectin or laminin. After 18 h of incubation with interferon gamma (100 U/ml), the number of monocytes which adhered at 1 h (measured in triplicate plates) to tissue culture plates increased from 21 to 35% (P < 0.1), to fibronectin, from 38 to 51% (P < 0.05), and to laminin, from 5 to 19% (P < 0.01).
Effects of 1,25-(OH)2D3 on protein synthesis in unheated monocytes. We considered several possible mechanisms by which 1,25(OH)2D3 might exert its influence on monocyte adherence, among which were potential effects on the synthesis of proteins involved in cell adhesion. We were unable to detect significant differences in the pattern of [35S]methionine-labeled cellular or medium proteins resolved by one-dimensional polyacrylamide gel electrophoresis, whether the monocytes were incubated with or without 1,25-(OH)2D3. After resolution of the proteins on two-dimensional gels, however, we observed an increase in the labeling ofseveral distinct proteins in the 1,25-OH)2D3-treated monocytes. Two examples of the proteins resolved on two dimensional gels from 1,25-(OH)2D3-treated and -untreated monocytes from two separate experiments are shown in Fig. 3 . Identification of these proteins and their possible role in cell adhesion is currently being pursued in our laboratory. No la-A I.
B beling of proteins in the 220,000 mol wt range consistent with fibronectin was detected, either on two dimensional gels, or on 5% polyacrylamide gels under reducing conditions (Fig. 4, lanes  1 and 3) . In Fig. 4 , equal amounts of radioactivity from controland 1,25-OH)2D3-treated cultures were applied to each lane in order to detect qualitative differences.
Incubation of the cultured monocytes with cycloheximide
(1 iyg/ml) for 48 h did not significantly alter the adherence of control cells (Table IV ). -83 kD -7OkD Figure 4 . Production of heat shock proteins by monocytes. Monocytes were prepared, cultured, and heated to 450C as described (lanes 2 and 4), allowed to recover in the 370C incubator for 2 h, then labeled as described. Electrophoresis on sodium dodecyl sulfate polyacrylamide gels was performed using 5% polyacrylamide gels under reducing conditions. Equal quantities of radioactivity were applied to all lanes, in order to determine whether qualitative differences could be detected between control and 1,2540H)2D3-treated cells subjected to heat shock. Lanes 1 and 3, monocytes not exposed to 450C. Lanes at elevated temperatures would alter their adherence. We found that incubation for 20 min at 450C decreased the adherence of the cells measured 6 h later (Table V) . Preincubation with 1,25-(OHhD3 partially prevented this decrease. In order to examine the effects of elevated temperatures on protein synthesis by monocytes, they were incubated at 450C for 20 min, and incorporation of [35Sjmethionine into cell proteins was measured using polyacrylamide gel electrophoresis and fluorography. The appearance ofnew bands at 70,000 and 83,000 mol wt in monocytes incubated alone or with 1,25-(OH)2D3 is shown in Fig. 4 . As seen in Fig. 5 A, when using a 10% polyacrylamide gel, incorporation into most proteins was decreased, whereas labeled bands consistent with heat shock proteins appeared (70,000 and 83,000 mol wt). In Fig. 5 , in contrast to Fig. 4 , the amounts of radioactivity applied to each lane were normalized to viable cell number. As described for other cells (30) , the band corresponding to the 83,000-mol-wt heat shock protein was synthesized at low levels by monocytes under our culture conditions, whereas the 70,000-mol-wt protein was detected only after the heat shock (Fig. 5) . Labeling ofthese proteins was detected within 2 h after exposure to 450C. After reincubation of the cells at 370C, there was a gradual recovery of protein synthesis; return of labeling (OH)2D3. After heat shock, the monocytes were allowed to recover in the 370C incubator for 2 h (lanes I and 2), 10 h (lanes 3 and 4), 24 h (lanes 5 and 6), and 30 h (lanes 7 and 8). By 10 h, the major heat shock proteins were no longer detected.
of cell proteins other than the heat shock proteins was first detected within 4-6 h (Fig. 5 A) whereas the disappearance of labeling of heat shock proteins was observed by 10-24 h after heat shock (Fig. 5 B) .
Preincubation of the monocytes with 1,25-(OH)2D3 did not qualitatively affect the synthesis of heat shock proteins. Cells preincubated with 1,2540H)2D3, however, incorporated more [35S]methionine into heat shock proteins as well as into all other cell proteins than control cells. In addition, protein synthesis appeared to recover more rapidly after release from heat shock in 1,2540-H)2D3-treated cells than in control cells (Fig. 5) . This latter effect of 1,254OH)1D3 on protein synthesis after heat shock was quantitatively the most pronounced. As shown in Table VI,  6 h after incubation at 450C and after return to 370C the amounts ofthe 70,000-mol-wt and 83,000-mol-wt heat shock proteins as determined by densitometry were two and three times higher in 1,25401H)2D3-treated than in control cells, whereas the rate of overall protein synthesis in 1,2540H)2D3-treated cells was -sixfold higher than that of controls.
Discussion
We have found in the present study that monocytes from peripheral blood, isolated by adherence, harvested, and allowed to readhere, do so more readily to a biological extracellular matrix, purified fibronectin, or tissue culture plastic compared with other single purified matrix components or plastic surfaces. Monocytes After exposure of the fluorograms shown in Fig. 5 A for 6 h the relative amounts of proteins were determined by densitometry. The corresponding surface areas of the densitometer tracings were cut and weighed.
* Refers to the molecular weight of the two major heat shock proteins.
adhere to collagens, although the degree of adherence depends upon the type of collagen. Our observation that collagen type I is a better substrate for adherence than type III could account for previous, apparently contradictory, reports (11, 31, 32 (35) . Although monocytes float in the circulation, they do adhere once isolated and placed in culture. Adherence to the surface of vascular endothelium is the likely first step in the extrusion of leukocytes through the vessel wall and into the interstitial space during inflammation. The adherence of monocytes to an extravascular extracellular matrix may be involved in the function of these cells in inflammatory conditions. Adherence of monocytes has been related to their activation or differentiation state, function, and metabolism (36) (37) (38) , and in particular to their production of active oxygen metabolites (37, 38) .
We Thermal as well as other stresses induce the synthesis of heat shock proteins, which is probably a property of all species and all cells. We showed that monocytes produce at least two of the major heat shock proteins of 70,000 and 83,000 mol wt. The labeling (synthesis) of these proteins after exposure to elevated temperatures was associated with a decrease in normal protein synthesis. During the 10-24 h after recovery from thermal stress, the synthesis of heat shock proteins ceased, accompanied by restoration of normal protein synthesis. Preincubation of monocytes with 1,25-(OH)2D3 increased the labeling ofthe heat shock proteins, blunted the reduction in normal cellular protein synthesis, and increased the rate of recovery of normal cellular protein synthesis. The induction ofheat shock protein synthesis, the decrease in normal protein synthesis, and the recovery of normal protein synthesis are regulated differently (18) (19) (20) 30 (18, 19) . How 1,254-H)2D3 modulates these changes in protein synthesis remains to be elucidated. We have also not yet established that the effects of 1,25-(OH)2D3 on protein synthesis in unheated and in heated monocytes are related events.
Heat shock proteins play a role in thermotolerance, in addition to protecting cells against other types of damage (46) . It has recently been shown that bacteria (Salmonella typhimurium) become resistant to killing by hydrogen peroxide or heat if they are adapted by pretreatment with nonlethal levels of hydrogen peroxide (47) . During adaptation to this oxidative stress, several proteins are induced, among which are heat shock proteins. Mutants ofthe bacteria which are more resistant than the wild-type parent to killing by heat and oxidizing agents also constituitively overexpress three heat shock proteins. By analogy, the adherent monocytes studied here produce active oxygen species such as H202, and more H202 may actually be produced by monocytes incubated with 1,254-H)D3 (48) . The greater induction of heat shock protein synthesis by 1,25-(OH)1D3 may be related to the reported increased production of H202 in the presence of the hormone and to the protection of normal protein synthesis after the thermal stress. It is also possible that 1,25-(OH)2D3-treated cells could be protected from oxidative damage by enzymes such as superoxide dismutase or catalase (49) or other proteins such as metallothioneins (50) .
Interferon gamma has several effects on monocytes, which include increasing H202 production (29) , altering monocyte differentiation (51), and increasing interieukin 1 production by potentiating the actions of endotoxin (52, 53) . We found here that interferon gamma alone also maintains monocyte adherence and that this effect is potentiated by 1,2540H)2D3. Although mouse interferons (alpha and beta) have recently been reported to potentiate thermal injury in mouse 3T3 cells (54), we have not yet investigated the effects of interferon gamma on the synthesis of proteins after heat shock in human monocytes.
Recent reports from different laboratories suggest that 1,25-(OH)2D3, in addition to its well known effects on calcium metabolism, might play a role in the regulation of the immune system (4-9). The results of the studies presented here provide further evidence that 1,25-(OH)2D3 can modulate basic aspects of monocyte function such as maintenance of attachment to matrix, components, and suggest additional approaches to examine possible roles of 1,2540H)2D3 in cell-cell interactions as they pertain to a variety of inflammatory conditions. It is apparent that the effects of this hormone on monocyte function are profound and may be important in protecting the cells from different types of injury. The response to thermal injury which involves alteration of normal protein synthesis and induction of heat shock proteins is simply an example. Heat shock protein synthesis,'and the recovery after heat shock, might prove a useful model for further study of some of the molecular mechanisms of action of 1,25-(OH)2D3.
